Abstract-We proposed a new approach to improve the control of prosthetic arm rotation in amputees. Arm rotation is sensed by implanting a small permanent magnet into the distal end of the residual bone, which produces a magnetic field. The position of the bone rotation can be derived from magnetic field distribution detected with magnetic sensors on the arm surface, and then conveyed to the prosthesis controller to manipulate the rotation of the prosthesis. Proprioception remains intact for residual limb skeletal structures; thus, this control system should be natural and easyto-use. In this study, simulations have been conducted in an upper arm model to assess the feasibility and performance of sensing the voluntary rotation of residual humerus with an implanted magnet. A sensitivity analysis of the magnet size and arm size was presented. The influence of relative position of the magnet to the magnetic sensors, orientation of the magnet relative to the limb axis, and displacement of the magnetic sensors on the magnetic field was evaluated. The performance of shielding external magnetostatic interference was also investigated. The simulation results suggest that the direction and angle of rotation of residual humerus could be obtained by decoding the magnetic field signals with magnetic sensors built into a prosthetic socket. This pilot study provides important guidelines for developing a practical interface between the residual bone rotation and the prosthesis for control of prosthetic rotation.
available. Body-powered devices use shoulder protraction to sequentially operate all functions, including a wrist rotator. Using the remaining flexion and extension muscles of the residual limb not specifically wrist rotation muscle, myoelectric wrist rotators also use sequential control to operate all functions. Thus, current control of these rotators is cumbersome, slow, and unintuitive. Prosthetic rotators, like all other prosthetic components, lack proprioceptive feedback. The amputee cannot feel the orientation of their prostheses; they must use visual feedback to know how their artificial limb is positioned in space. This lack of proprioceptive feedback impedes prosthetic control, increases the cognitive burden of using a prosthesis, and impairs function.
One method to improve voluntary control of artificial arm rotation is to physically couple the rotation of the bones remaining in the residual arm to the prosthetic rotation. To create a physical connection between the residual humerus and the prosthesis for control of the prosthesis rotation, two interfacing mechanisms, osseointegration and artificial epicondyles, have been developed. Osseointegration [4] , [5] is a direct structural connection between bone and the prosthesis. This technique involves implanting a titanium bolt into the bone of the residual limb. An abutment attaches to the bolt and protrudes through the skin to provide the attachment for the prosthesis and the manipulation including prosthesis rotation. Another attachment method is the use of artificial epicondyles [6] that are created by surgically inserting an implant into the humerus and covering the implant with soft tissue and skin. The artificial epicondyles can suspend the prosthesis and provide the function of humeral rotation of the prosthesis. Patients using these systems demonstrate excellent rotation control with preservation of proprioception for rotation of their artificial limb in the long axis of the residual limb. These approaches are promising, but have drawbacks. Direct skeletal attachment is challenged by infections at the skin interface and loosening of implants [7] . Loading of the skin over artificial epicondyles can cause skin breakdown and there is potential for loosening of the implants. Both systems require extensive surgical procedures and significantly delay the use of prosthesis as the implants integrate with the residual limb bone matrix.
In this study, an alternative approach is proposed that has promise for improving the rotational control of artificial limbs. This new approach involves inserting a small permanent magnet into the distal end of residual bone of the subjects with an upper limb amputation (Fig. 1) . The permanent magnet generates a magnetostatic field. When the amputee rotates their residual arm, the magnet will rotate with the residual bone. This rotation causes a change in magnetic field distribution of the magnet. This field change can be detected by magnetic sensors with fixed positions in a prosthetic socket, from which information on the residual arm rotation is derived and used as an input signal to control a powered rotator of the prosthesis. An important advantage of this approach may be that it potentially preserves some inherent proprioceptive awareness of arm rotation for amputees. Proprioception of rotation would come from the intact proximal joint including the muscle, tendons, and joint capsule where the primary proprioceptive afferent nerve fibers are located [8] . Thus, this control approach to arm rotation should be easier and more intuitive than traditional electromyogram (EMG) methods [9] [10] [11] or even recently proposed EMG pattern-recognition control methods [12] [13] [14] [15] [16] that require visual feedback for the amputees to know how their arm is positioned. This new approach does not compromise other applicable control sources, such as biceps and triceps EMG that can be used to operate other degrees of freedom such as wrist and hand movements. Finally, the surgery required to implant the magnet would be a relatively easy outpatient procedure and the delay in the prosthetic fitting would be minimal.
A simulation study was conducted with finite-element (FE) models of the upper arm to evaluate the feasibility and performance of the new interfacing approach in sensing the rotation of residual humerus. While this technique also holds much promise for controlling pronation and supination of the forearm in a below-elbow amputee, the upper arm was chosen for this initial analysis due to its greater symmetry allowing a simpler model, and because the upper arm is larger in size than forearm, which would attenuate the magnetic fields so that a sensitivity analysis is more relevant. This analysis included the effects of arm size, magnet dimensions, relative position of the magnet to magnetic sensors, orientation of the magnet relative to the limb axis, displacement of the magnetic sensors on the magnetic field, and external magnetic interference on the distribution of magnetic field of the magnet. This simulation study provides important guidelines for developing a practical interface between the residual humerus and the prosthesis for the humeral rotation control of upper limb prostheses.
II. METHODS

A. Element Modeling of Upper Arm and Permanent Magnet
A residual upper arm was modeled as a cylinder, shown in Fig. 2(a) . Considering the different tissues (bone, muscle, fat, and skin) as being magnetically homogeneous and having approximately the magnetic permeability of a free space [17] , [18] , this model had an identical magnetic permeability with a relative permeability of µ r = 1 for all the tissues of upper arm. The radius of the cylindrical model was 50 mm (the average midupper arm circumference ≈ 300 mm for adults) [19] and the length was 300 mm [20] . In practical applications, a permanent magnet would be surgically attached to the distal end of residual humerus to produce the distribution of magnetic field. To model the permanent magnet, a small cylinder was inserted into the arm model [see Fig. 2(a) ]. The cylindrical magnet model had an axis direction parallel to the cross section of the arm model and was located at the center of the limb model, 30 mm distant from the distal end of the arm. The average diameter of the humerus is 23 mm for adult men and 18 mm for women [21] . Thus, the magnet model had a radius of 5 mm and a length of 20 mm that would allow the magnet to be placed in the humerus much like a large orthopedic screw. This arm model with the embedded magnet model was considered as the basic model in the simulation study. To investigate the effects of the individual variation of residual arm sizes and magnet sizes on the distribution of magnetic field of the magnet, the basic model was accordingly modified to simulate these conditions.
B. Sensitivity of Magnetic Field to Practical Variations
In practical implementation of the proposal approach, much variation is expected as the humerus moves within the residual soft tissue; thus, the magnet would move relative to the magnetic sensors. Orientation of the magnet relative to the limb axis and displacement of the magnetic sensors will affect the distribution of the magnetic field of the magnet. To investigate the sensitivity of the magnetic field to these variations, simulation studies were also performed to evaluate the effect of three kinds of variations on the magnetic field of the magnet.
1) Off-Center of the Magnet:
The humerus would not remain exactly in the center of an arm when a prosthesis is used. For example, with flexion of the arm, the distal humerus moves forward in the residual limb and with abduction it moves laterally. Thus, the magnet implanted in the humerus will often be off-center. To evaluate the sensitivity of the magnetic field to the translational misalignment of the magnet, the magnet model in the basic model [see Fig. 2(a) ] was shifted along the y-direction (parallel to the magnet central axis) and z-direction (perpendicular to the magnet central axis) [see Fig. 6 (a)], respectively, and then, simulations were performed to calculate the magnetic field.
2) Orientation Declination of the Magnet: Another possible variation is that during surgical implantation the magnet may not be exactly perpendicular to the humeral axis. To estimate the sensitivity of the magnetic field to the orientation declination of the magnet, the magnet in the basic model [see Fig. 2 (a)] was rotated on the x-y and y-z planes, respectively, and then, the simulations were performed to calculate the magnetic field.
3) Displacement of Magnetic Sensors: It is impossible to ensure that the magnetic sensors are exactly at the same locations in everyday donning of a prosthesis. The residual limb often slips out of the prosthetic socket 10-20 mm. To investigate the sensitivity of the relative linear displacement between the magnets and the magnetic sensors, the strengths of the magnetic field were calculated over the surface observation points on different transverse cross sections in the y-z plane [see Fig. 7(a) ].
C. Deriving of Magnetic Field of Permanent Magnet
The magnetic field of a permanent magnet belongs to a magnetostatic field, where no currents are present. For a magnetostatic problem, the Maxwell's equations [22] that govern the general electromagnetic field are simplified as
where H and B are vectors of magnetic field and magnetic flux density, respectively. M 0 is the premagnetization of the magnet. µ 0 and µ r are the permeability of free space and the relative permeability of medium, respectively. By defining a scalar magnetic potential (V m ) as H = −∇V m , a partial differential equation (PDE) for the magnetic potential (V m ) can be derived from (1) as follows:
The finite-element method (FEM) was applied to numerically solve the PDE in the arm-magnet model. The 3-D basic arm-magnet model was meshed into about 25 000 tetrahedral elements [see Fig. 2(a) ] using the FEMLAB electromagnetics module [23] . The basic model had about 4700 nodes. Given the premagnetization ( M 0 ) of the permanent magnet, the scalar magnetic potentials (V m ) at all the FE model nodes were calculated by the PDE coefficient application mode of the FEMLAB [23] . The magnetic field vector ( H ) at each node was obtained from V m by H = −∇V m , and then, the magnetic flux density vector ( B ) at each node was computed by (1) .
Magnetic flux density of permanent magnet ranges from 5 to 13 kG, depending on the material properties of the magnet. In the basic arm-magnet model shown in Fig. 2(a) , the magnet had a residual magnetic flux density of 11 kG (NdFeB, a high-performance rare earth magnet with B r = 10-13 kG). The premagnetization ( M 0 ) of the permanent magnet was derived from the residual magnetic flux density ( B r ). The direction of residual magnetic field of the magnet was along the y-axis negative direction. The local magnetic field distribution produced by the magnet was obtained using the PDE solver in FEMLAB based on (2).
D. Shielding of Magnetostatic Interference
Other magnetic fields in the environment will inevitably interfere with the magnetic field of the permanent magnet implanted in the residual humerus. This may contaminate the magnetic field signals detected by sensors in the socket of the prosthesis. The magnetic interference sources may range from magnetostatic fields such as permanent magnet motors to time-varying magnetic fields such as high-frequency electromagnetic waves. Considering the magnetic field of the implanted permanent magnet as being a magnetostatic field, the time-varying magnetic field interference with the magnetic signals of the magnet would be easily removed or significantly attenuated using signal processing techniques such as low-pass filtering, whereas the magnetostatic field interference remains to be dealt with. Among all possible magnetostatic interference sources, permanent magnet motors embedded in the motorized prosthesis would likely cause the most severe magnetic interference due to the short distance between the motor and magnetic field detectors placed on the arm. To reduce the magnetic interference of such magnetostatic fields, a shield cap could be employed to cover the distal end of the residual arm. The performance of the shield cap in reducing the magnetostatic interference was evaluated by using an FE model shown in Fig. 2(b) . A shield cap was formed by adding a cylinder to cover the part of the distal end of the arm-magnet model [see Fig. 2(a) ] and a permanent magnet was placed outside the shield cap to mimic the magnetostatic interference source. The FE model was meshed using the FEM-LAB electromagnetics module [23] . The magnetic field distribution on the arm surface produced by the outside magnet was calculated by giving the premagnetization of the permanent magnet and the distance (d) between the magnet and shield cap. Fig. 3(a) shows a color map of the simulated magnetic flux density ( B ) distribution on the arm model surface. To show the simulated magnetic field of the magnet around arm surface, 36 surface nodes on the circumference of a transverse cross section of the FE arm model were chosen as the observation points of the magnetic field [see Fig. 3(b) ]. The transverse cross section was in the plane of the implanted magnet. These surface nodes labeled from N1 to N36 in Fig. 3(b) were uniformly distributed on the circumference surface with a 10
III. RESULTS
A. Distribution of Magnetic Field of Permanent Magnet on Arm Surface
• angle interval. The simulated B magnitude and its three components (B x , B y , and B z ) at these nodes are shown in Fig. 4 . It can be observed from Fig. 4 that the magnitudes of B and its two components at y-and z-directions (B y and B z ) significantly oscillated over these nodes, whereas its x-direction component (B x ) was almost unchanged over all the nodes. From the node N1 to the node N10, the magnitudes of B monotonously decreased from a maximum value of about 25 G to a minimum value of about 12 G and then strictly increased to about 25 G at the node N19. The two components, B y and B z , presented the similar monotonously varying feature to the B magnitude. Suitably placed magnetic sensors in the prosthetic socket could detect the magnetic field allowing the angle of residual humerus rotation to be measured and used to control the humeral rotation of the prosthesis.
B. Effect of Different Model Conditions on Magnetic Field 1) Effect of Arm Size:
Upper arm size is variable across subjects with an average mid upper arm circumference of 320 ± 50 mm (radius ≈ 51 ± 8 mm for a cylindrical assumption of arm) for men and 280 ± 60 mm (radius ≈ 45 ± 9 mm) for women [19] . To assess the effect of arm size on the surface magnetic flux density ( B ), four more cylindrical arm models with a radius of 40, 45, 55, and 60 mm, respectively, were used to implement the magnetic field simulation (60 mm radius would include up to approximately the 90th percentile in arm size [24] ). In all these simulations, the permanent magnet had the same size (radius = 5 mm) and the same magnetic flux density ( B r ) (11 kG). The simulation results showed that the distribution of the magnetic field from different arm sizes had the almost same sinusoidal patterns as those shown in Fig. 4 . The effect of different arm sizes on the peak-to-peak strengths of the y-direction component (B y ) of the simulated B at the 36 surface nodes [see Fig. 3(b) ] are plotted in Fig. 5(a) . It can be seen from Fig. 5(a) that the B y decreased along with the increase of the limb model radius. In the model with the smallest radius (40 mm), the peak-to-peak value of the component B y was greater than 75 G, and in the model with the largest radius (60 mm), the peak-to-peak value of the component B y was still greater than 20 G.
2) Effect of Magnet Size: There is a paradox for the selection of magnet size: a large magnet would generate a stronger magnetic field that will benefit magnetic signal detection and processing, but may increase difficulty and complexity of the implanting surgery and packaging of the magnet for practical application. To provide some general guidelines for the selection of magnet size in the practical applications, four additional cylindrical magnet models with a radius (r m ) of 2, 3, 4, and 6 mm were used to estimate the effect of magnet size on the distribution of magnetic field ( B ). The magnetic flux density of these magnets was the same (11 kG). These simulations were performed in an identical arm model with a radius of 50 mm. Fig. 5(b) shows the peak-to-peak values of the component B y of the simulated B from different size magnets. Similarly, the different size magnets affected the strength of the magnetic field at the arm surface. Cylindrical magnets with a radius of 2 mm or greater can produce a magnetic field component in the y-direction greater than 5 G.
3) Effect of Off-Center of the Magnet:
The effects of the magnet shift on the y-direction component of the magnetic field over the surface observation points are illustrated in Fig. 6(b) Fig. 4 . Magnitudes of simulated magnetic flux density and its three components (B x , B y , and B z ) over 36 observation nodes shown in Fig. 3 and (c). When the magnet in the model was shifted by 5 mm, the distribution of the magnetic field in the y-direction still retained a sinusoidal pattern [ Fig. 6(b) and (c)] and the peak-to-peak strength of the y-direction component only had a 4.5 G change (12% increase) for y-direction shift and a 1.3 G change (3.5% increase) for z-direction shift in comparison with the centered magnet. With a 10 mm off-center, the sinusoidal patterns of the y-direction component were distorted and the peak-to-peak strength had a change of about 20 G (54%)/13 G (35%) for y-, z-direction shift. When the off-center of the magnet was greater than 15 mm, the distribution of the y-direction component became a triphasic pattern [see Fig. 6 (b) and (c)]. The peak-to-peak strength had an increase of up to 43 G for a y-direction shift and 21 G for a z-direction shift.
4) Effect of Orientation Declination of the Magnet: When the magnet was placed at 80
• to the axis, i.e., 10
• declination, the simulation result indicated a decrease of less than 4 G (11% change) in the peak-to-peak strength of the magnetic field on arm surface in the y-direction and no significant change in the sinusoidal distribution of the magnetic field.
5) Effect of Displacement of Magnetic Sensors:
The peakto-peak values of the y-direction component of the magnetic field for the different-distance shifts of the observation points are illustrated in Fig. 7(b) . A 5 mm displacement caused a 1.5 G decrease of the peak-to-peak value of the magnetic field, about 4% change. With 10 and 20 mm displacements, the peak-to-peak values of the magnetic field in the y-direction had a decrease of about 3.8 G (10%) and 12 G (33%), respectively.
C. Performance of Shield Cap in Shielding Magnetostatic Interference
A shield cap model with an inner radius of 60 mm with respect to the basic arm model's radius of 50 mm and a length of 70 mm was used in the simulation [see Fig. 2(b) ]. The shield cap model had a wall thickness of 3 mm, which is the smallest value we could use in the FEMLAB simulation software [23] , and a low relative permeability (5000). In practical application, very thin magnetic shielding materials with very high relative permeability (such as a magnetic shielding alloy with a thickness of 16 µm and with a permeability of 1 000 000, MetGlad, Less EMF, Inc., Albany, NY) would be employed and may provide the same or stronger shielding effects. The outside cylindrical permanent magnet [see Fig. 2(b) ] had a radius of 10 mm and a length of 10 mm and represented a motor magnet that might be used for a powered humeral rotator. For example, an eight-pole high-torque brushless dc motor (HT02000 Emoteq, Inc.) has eight permanent magnets measuring 11 mm × 8.6 mm × 2.1 mm and the assembly of eight magnets are equivalent to a cylindrical magnet with a length of 10 mm and a radius of 7.1 mm. The residual magnetic flux density (B r ) of the magnet was 11 kG (NdFeB magnet with B r = 10-13 kG, one of the commonly utilized high-performance rare earth motor magnets) [25] . This is likely an overestimate of the motor's magnetic field since the eight permanent magnets would be separately mounted on the rotor surface and the motor would be generally covered by metal materials. The magnetic field distributions on the arm surface produced by the outside magnet were calculated using the FE model [see Fig. 2(b) ] with and without the shield cap, respectively.
Without the shield cap, the maximum strength of the magnetic interference from the outside magnet was around 11 G. This would cause a significant influence on the magnetic field of the implanted magnet where the peak-to-peak value of the B magnitude was about 13 G [see Fig. 4(a) ]. With the shield cap, when the distance (d) between the magnet and shield cap was set to 10, 20, 30, 40 , and 50 mm, respectively, the simulated B magnitudes are graphically summarized in Fig. 8 . The maximum strength of the magnetic interference was less than 0.06 G, a reduction of 99.5% compared to that without the shield cap. 
IV. DISCUSSION
In this present study, we attempted to address the challenge of humeral rotation control of prosthesis with a system that may provide some proprioceptive feedback to the amputees. To measure the rotation of the residual humerus, we proposed to surgically implant a permanent magnet into the distal end of the humerus to sense its rotation, and then to use sensors mounted in the prosthetic socket over the residual arm surface to sense the field of the magnet. From these detected magnetic field signals, the position of the residual humerus rotation could be derived as an input signal for control of powered humeral rotation in an upper limb prosthesis. The feasibility and performance of the newly proposed approach have been evaluated through a series of computer simulations.
The best case scenario may be considered when the humerus is exactly in the center of the residual arm. For an averaged limb size (radius = 50 mm) with an implanted magnet having a residual magnetic flux density of 11 kG, the peak-to-peak magnetic field strength [see Fig. 4(b) and (c) ] was about 35 G over 90
• . This provided a positioning resolution of about 0.39 G/
• rotation of residual humerus. Current cable-activated locking humeral rotators can provide up to 180 locking positions (2 • each). For an electrical powered humeral rotator, it is possible to position a prosthesis at any angle through a dc geared motor. In practical use, 1
• angular resolution should be good enough for positioning of a prosthesis. If a higher resolution is necessary for humeral rotation, the magnetic field still could be detectable with high-sensitivity magnetic sensors for more accuracy control of humeral rotation of a prosthesis.
The change in field strength can be readily detected with available sensors and would allow a control resolution of less than 1
• . Anisotropic magnetoresistive and giant magnetoresistive sensors, Hall-effect magnetic sensors, or fiber-optic magnetometers [26] are small and light magnetic sensors, which have a very high sensitivity in the detection of the magnetic field, a low and stable offset, a low sensitivity to mechanical stress, and only require very low power consumption. They therefore provide an excellent means of measuring the magnetic field of the magnet on arm surface. For instance, the Hall-effect sensor A3515 (Allegro MicroSystems, Inc.), is a sensitive and temperaturestable linear magnetic sensor with greatly improved offset characteristics. It can provide a linear sensitivity range of up to ±800 G, which completely covers the variation range of the magnetic field on the arm surface in all the simulated conditions. With a 5 mV/G output sensitivity (supply voltage = 5 V), when the residual humerus rotates 1
• , the sensor could produce an analog output voltage of around 1.95 mV with respect to the positioning resolution of 0.39 G/
• described earlier for an average sized arm with an 11 kG magnet. This analog voltage could be easily amplified with a high-performance instrumentationamplifier and processed with conditioning circuitry. In addition, the sensor is packaged in a plastic three pin ultramini-SIP "UA" package with dimensions of (4.17 mm × 3.10 mm × 1.57 mm) and requires a total power dissipation of less than 50 mW (maximum supply current = 10 mA).
A sensitivity analysis of limb and magnet sizes was performed to assess the range of field strengths that would be produced on arm surface. In the worst case that a given-size magnet was implanted into the residual humerus in a big upper arm with a radius of 60 mm (arm circumference ≈ 377 mm), the magnet still generated a magnetic field change rate of about 0.22 G/
• humerus rotation in the y-direction on arm surface. Using a Halleffect magnetic sensor such as A3515 (Allegro MicroSystems, Inc.) to detect the magnetic field, this would produce an analog voltage change rate of about 1.1 mV/
• humerus rotation. This may be adequate for signal amplification; however, a larger magnet may be needed for higher quality signals. With a given magnet size, a smaller limb will have larger magnetic fields on the limb surface. Similarly, smaller diameter magnets will produce smaller magnetic fields. The sensitivity analysis could serve as a guide for determining the needed magnet size with respect to the limb size and bone diameter. The data indicate that considerably smaller magnets could be used, if needed, with smaller residual limbs and smaller bones.
In practical application, the distal humerus and magnet will not be perfectly located in the middle of the residual limb. When wearing a prosthetic socket, the distal humerus will move anteriorly with arm flexion, laterally with abduction, posteriorly with extension and medially with adduction. How far the off-center depends on how well the humerus is secured with myodesis and myoplasty, the thickness of the overlying soft tissue layer (fat) and the loads on the socket. Our simulation results showed that when the off-center of the magnet was less than 5 mm that approximately corresponds to 2 lb load on the arm according to [27] , the magnetic field distribution over the arm surface retained a similar sinusoidal pattern and the peak-to-peak strength of the y-direction component of the magnetic field had a 4.5 G increase over 90
• . When the distal humerus was displaced greater than 15 mm that corresponds to about 5.2 lb load on the arm [27] , the distribution of the y-direction component became a triphasic pattern, and its peak-to-peak strength increased greatly to 43 G for y-direction shift and 21 G for z-direction shift. Humeral displacement causes much greater magnetic fields to be produced at the limb surface and the loss of the simple sinusoidal pattern. The key issue is to accurately determine the vector of the magnetic field with an array of surface sensors, regardless of where the distal humerus is positioned within the residual limb. Further analyses need to be performed to design an optimal sensor array and controller. The number of sensors will affect magnetic vector angle resolution. Sensors may be desirable in more than one plane to accommodate the residual limb slippage in the socket. This research needs to be done, considering the large variation in the shape of residual limbs and issues of practical implementation with current prosthetic sockets.
Other magnetic fields that exist around a subject could interfere with the magnetic field sensors in the prosthesis. The largest expected source would be the magnetostatic interference from the permanent magnet motor of an elbow actuator. A shield cap analysis of performance in attenuating magnetostatic interference was carried out by simulation. The strength of the magnetostatic inference displayed a plateau distribution around the arm surface (Fig. 8) . The results demonstrate that the interference of the magnetostatic fields around a subject could be effectively attenuated by a shield cap at the distal end of the residual arm by over 99%. This magnetostatic interference would bias the magnetic field sensors causing a positioning error of less than 0.2
• for prosthetic humeral rotation control with respect to the positioning resolution of 0.39 G/
• described before for an average sized arm with an 11 kG magnet. Even able-bodied people cannot accurately position their arm with a 0.2
• resolution. Thus, this 0.2 • positioning error would not significantly affect the accurately positioning of an artificial arm. However, as noted earlier, the use of smaller magnets may be more adversely affected by interference. Shield walls extending more proximally should further reduce outside magnetostatic interference. Also, dynamic magnetic interference from the motor and other ambient time-varying magnetic fields could be attenuated by the shield cap and/or with a low-pass filter, if necessary. Further study is needed, especially if implanting smaller magnets is necessary.
Another pragmatic issue is placing the magnet in a hermetically sealed casing. This issue has already been addressed with implanted magnets into the body in previous studies [28] , [29] and does not appear to be a difficult challenge. The magnet would most likely be incased in titanium, a nonmagnetic material. The casing may include screw threading so that the magnet could easily be secured into a bone much like any other orthopedic screw.
Humeral rotation is caused by the shoulder girdle muscles acting on the proximal humerus. Humeral rotation produces arm rotation in able-bodied people as the distal humerus (the condyle) causes the lower arm to turn. Transhumeral amputees can fully rotate their humeri just like able-bodied people and can feel the rotation angle and where their lost arm would be pointing. This is due to the proprioceptive elements of the shoulder complex: a complex system of feedback from muscle spindles, golgi tendon organs, joint capsule afferents, and other inputs. However, humeral rotation does not translate into arm rotation in the arm amputees. The skin may be adhered to the prosthetic socket with a vacuum fit, but the humeral rotation generally causes little prosthetic arm rotation because the bone simply rotates in a compliant soft tissue envelope. Thus, it is critical to measure the humeral rotation if we want the amputees to be able to intuitively rotate their prosthetic arm. Magnets or sensors placed in the muscle or under the skin would be insufficient to capture rotation of the bone. Another important application of this research would be for transradial amputees. The challenge remains in that little wrist rotation can be captured with current prosthetic sockets. The potential for providing an intuitive wrist control system with inherent position feedback is exciting for the transradial amputees as well. The anatomy is different in that the radius rotates over the ulnar. The analysis presented here shows promise for this level of amputation. The data indicate that an adequate field could be detected with the smaller forearm and likely with smaller magnets.
The proposed approach of implanting a magnet in residual limb bones has some risks. It would require surgery and would implant a foreign object into a bone. However, implanting the magnet could be as simple as implanting a single orthopedic bone screw with minimal surgical risks. A device embedded in bone could compromise the structural integrity of the bone; however, bones remodel to accept stresses and the residual upper limb bones of an amputee bear little if any weight. Foreign objects can be a source of infection. However, the infection risk of the implanted magnet should be not greater than for a regular orthopedic screw, which is routinely left in a patient for the rest of their lives. Thus, we believe that the minimal risks would be well worth the potential benefits. It is noteworthy that permanent magnets implanted in bones have been used for other medical applications such as the attachment of facial prostheses [30] and the measurement of wrist joint movements [28] , [29] . These previous works provide practical evidence that it is surgically feasible to implant a permanent magnet into bones.
In summary, the present simulation study suggests that the newly proposed magnetic approach has the ability to sense the rotation of the residual humerus for control of a powered humeral rotator in an arm prosthesis. The simulation results are encouraging, suggesting potential clinical applications to improve the control of powered prostheses with preservation of physiological proprioceptive feedback. This study provides important guidelines for developing a practical humeral rotation control system and also implies that this technique may be beneficial to transradial amputees.
